Abstract
Introduction 9
The use of on-site materials has become a central issue for civil engineering companies, but it is some-10 times difficult to deal with all the resources available on site. For soils with low mechanical characteristics, 11 lime treatment appears to be an efficient method to improve their mechanical properties and allow their use Additionally, the volumetric behaviour of naturally structured soils was compared with the destructured 88 state by Leroueil and Vaughan (1990) on heavily overconsolidated specimens from drained triaxial test 89 results. They identified two different mechanisms taking place. While the maximum rate of dilation was 90 measured before the peak of the deviatoric stress for the destructured soil, it was observed after the peak 91 of the deviatoric stress for structured soils. This is due to the structure, which binds soil particles together.
92
To allow the particles to move freely, the structure has to be degraded first to release particles (Leroueil and 93 Vaughan, 1990). 
Lime treated soils

95
Several studies have shown that addition of lime leads to an increase of the yield stress compared to the 96 untreated state (Tremblay et al., 2001; Ahnberg, 2007) . As for naturally structured soils, the additional void 97 ratio appears to decrease at yield, i.e. the degradation of the artificial structure takes place. Robin et al.
98
(2014a) have assessed the mechanical behaviour of a lime treated silt under isotropic loading (Figure 2 ). It 99 can be seen that the mode of degradation depends on the amount of lime. For 0.5% in lime, the additional 100 void ratio completely disappears at high stress states (Mode 3), when it is not the case for 1% lime treated 101 specimens (Mode 4). This latter reaches a different ncl compared to the untreated specimen. Details about 102 the samples and experimental conditions can be found in Robin et al. (2014a) . The maximum rate of dilation at shear for specimens experiencing softening also appears after the 104 peak for artificially structured soils, which indicates that the same kind of mechanism is taking place. This 105 common feature was pointed out by Leroueil and Vaughan (1990) , and was also observed for the lime treated 106 specimens from the current study ( Figure 3 ). The influence of a lime treatment on the cohesion and the friction angle has been studied by several 108 authors (Wissa et al., 1965; Balasubramaniam et al., 2005) . Both cohesion and friction angle appear to
Summary
114
Based on the previous observations, a model for lime treated soils might be suitable for naturally struc-115 tured soils, and therefore should be able to reproduce the four modes of destructuration and account for the 116 following features:
117
• The cohesion increases following pozzolanic reactions,
118
• The yield stress increases for lime treated soils compared to the reference state,
119
• At yield, there exists an additional void ratio compared to the reference state,
120
• At yield, degradation of the structure takes place, which follows one of the four modes identified 121 previously,
122
• Overconsolidated specimens at shear show a maximum rate of dilation after the peak, describing the 123 degradation of the structure,
124
• The friction angle is modified due to the effects of the chemical reactions on the texture of the soil,
125
and therefore the critical state as well. (Robin et al., 2014b) . We present in this section a new formulation to model the four modes of 131 degradation in structured soils under isotropic loading. This will then be used as a hardening rule for the 132 determination of the compliance matrix. To model the degradation of the structure under isotropic loading, we propose the framework given 135 in Figure 4 . We introduce the primary yield stress p 
141
By setting the parameters as given in To model these four mechanisms, a flexible formulation using all the parameters previously introduced is required. Richards's equation (Richards, 1959) for the sigmoid provides many degrees of freedom to control the shape of the function. This function is frequently used for the modelling natural phenomenons where there exists a threshold above which a process is activated, in this case the degradation. This equation can be written as follows:
where p 
153
Therefore, we have
The function π is scaled to ensure that ∀β, ∀p II y π(p I y ) = 1, which leads to the following final formulation:
which verifies π(p 
155
The ability to control the rate of degradation at yield of this formulation is demonstrated in Figure 5 . It 156 can be seen that the function π can either slowly decrease with a low β or quickly with a high β as p gets 3.1.3. Relationship between the specific volume and the effective mean stress for structured soils
The presence of structure can be accounted for in the relationship between the specific volume and the effective mean stress (v : p relationship) using the following general formulation:
with N λ the intercept on the reference normal compression line ncl d and λ the slope of the reference ncl 160 in v : ln(p ) plane.
161
Using the function π (Equation 3), the equation for the additional void ratio is given by:
which fulfils the boundary value problems:
Introducing Equation 5 in Equation 4
gives the final equation of the specific volume for structured soils at yield: Calling ξ the gradient of the specific volume curve at p =p II y , the appropriate value for β is obtained by solving the following equation:
There is no analytical solution to this equation, known as the Lambert W function, due to the non-168 linearity in β. However, this equation can be solved graphically or numerically using methods such as the
169
Newton-Raphson algorithm (Corless et al., 1996) . The v : p relationship (Equation 7) is used to demonstrate the ability of the formulation to describe 172 the four modes ( Figure 7 ). Parameters used for the simulations are given in Table 2 . The influence of Unloading-reloading line. 
Yield function f 183
The addition of lime leads to an increase of the cohesion and the friction angle compared to the untreated 184 soil. Therefore, the equation of the MCC for the yield function f is not sufficient in its original form. One
185
way to account for the increase of cohesion is to consider it as an increase of the tensile strength (e.g. The equation chosen for the yield function can therefore be expressed as:
The choice of the formulation for the plastic potential g is a major issue in the constitutive modelling of soils. The use of non-associated potentials gives a more accurate description of the real behaviour but comes at the cost of additional parameters with, in most of the cases, no straightforward physical meaning and whose values can rarely be determined from experimental results. This study aims to develop a model based on meaningful parameters determined from classic experimental tests. To this end, always in the framework of the Modified Cam Clay modem, this model assumes that lime treated materials follow an associated flow rule and therefore
which leads to the following flow rule for lime treated materials:
with η = q/p . The suitability of this hypothesis will be verified in the Model evaluation section. The general plastic stress:strain relationship is given by 
The new formulation of the v : p relationship given by Equation (7) is now used as the new hardening 210 rule. For the sake of simplicity, it was assumed that hardening is only controlled by the plastic volumetric
The volumetric plastic strains for lime treated soils is therefore expressed as
and the deviatoric plastic strains can be calculated using the flow rule: 
219
If Equation (5) (Figure 12 ) and is given by
which does not require any additional parameter. This leads to the following expression of the softening rule: The parameter β s describes the rate of destructuration and is calculated automatically. During the post-yield behaviour, the maximum rate of dilation is observed right after the deviatoric stress reaches its maximum. This is due to the structure experiencing an extensive degradation. Such feature can be modelled by using as β s , the maximum rate of degradation β 0 , leading to v s monotonically decreasing (not strictly). In this case, the first derivative being zero only for a single effective mean stress (which is not necessarily p II y,s ). This method presents the advantage that β 0 can easily be determined graphically or numerically. However, for consistency and numerical stability, v s is preferred to be strictly monotonic decreasing on 0, p I y . For this purpose, we introduced a constant α such that
the bijection (one-to-one correspondence) being ensured by α ∈]0, 1[. Practically, α can control the 225 smoothness of the process of destructuration. In this model, α is arbitrarily set to 0.9, which ensures a 226 bijective function and an appropriate rate of degradation at yield (Figure 12 ).
227
This two-step method is the simplest and most reliable way to calculate β s , simply because the deter- 
Associated flow rule hypothesis
243
In this section, we assess the validity of an associated flow rule for lime treated soils. Plastic strain 244 increment vectors from drained triaxial tests performed on specimens treated with 1%, 2%, and 5% in 245 lime were determined. The yield loci values were normalized with respect to the primary yield stress p 
Shear behaviour 261
No additional parameters to the MCC are required by this model to describe the degradation of the concentrations in lime were tested to consider various degrees of structure: 1%, 2% and 5% CaO.
265
The yield loci and the convergence toward the critical state appear satisfactory modelled for all the lime 266 contents tested. They confirm the appropriateness of the equation of the yield function f and the suitability 267 of the parameter p b to account for the influence of the lime treatment on the cohesion and the critical state.
268
For both hardening and softening cases, the volumetric deformations are very accurately predicted by 269 the model. This supports the assumption of the volumetric deformations being mostly controlled by the 270 structure. The evolution of the specific volume for the softening case is particularly accurate (Figure 18 ).
271
The model is successful to reproduce the dilation post-yield of the specimens and the maximum rate of 272 dilation after the deviatoric stress peak, which is one of the key features of structured soils.
273
The framework chosen for the softening case appears suitable and very powerful. The assumptions made 
Naturally structured soils
292
Although the formulation was originally designed for lime treated soils, there are several common features
293
of behaviour between artificially and naturally materials that could also make it suitable for the latter. The suitability of the formulation to model the degradation of naturally structured soils under isotropic 296 loading is verified using the results from Lagioia and Nova (1995) on natural calcarenite (Figure 19 ). Likewise 297 the lime treated specimens, calcarenite experiences a degradation of the structure at yield but that occurs 298 immediately at yield (p I y = p II y ) and at a very high rate. Again, β was solved numerically using the Newton-
299
Raphson procedure. There is no information about the behaviour of the destructured calcarenite under 300 isotropic loading, and therefore no information is given about the value of the residual void ratio ∆e c .
301
However, Lagioia and Nova (1995) considered that calcarenite converges toward the ncl of the destructured 302 state. Thus, it is assumed that calcarenite has no residual void ratio (∆e c = 0) and follows the mode 1.
303
The parameters used for the simulations are given in Table 3 .
304
Though the origin of the cementation is different, the MLTS appears suitable to model naturally struc-305 tured materials under isotropic loading. As for the lime treated specimens, the degradation is initiated at 306 the right effective mean stress and at the correct rate till it reaches the normal compression line of the 307 destructured state. 
Shear behaviour
309
The model is now tried to reproduce the behaviour of samples naturally structured calcarenite at shear with the experimental results of the yield loci and the convergence toward the critical state. At yield, the 314 degradation of the structure seems to affect the deviatoric stress, which is successfully described by model.
315
The specific volume at yield ( 
Discussion: influence of the initial void ratio on the degradation mode
323
The MLTS can successfully reproduce a large number of features of both lime treated soils and naturally 324 structured soils. However, the model deviates from the experimental results for 1) lime treated specimens 325 subjected to high preconsolidation pressures experiencing hardening, and 2) samples of calcarenite experi-326 encing softening. In this section, we propose a hypothesis to explain these limitations using the initial void 327 ratio of the material.
328
During the early post-yield stage, the degradation of the structure seems to affect the stress:strain 329 response for samples of calcarenite experiencing hardening, but not for the lime treated specimens. Fur-330 thermore, for the softening case, lime treated specimens experience dilation, as predicted by the critical 331 state theory, but this is not the case for the samples of calcarenite, which experience contraction despite the 332 decrease of deviatoric stress at yield.
333
For the calcarenite, the initial additional void ratio at yield ∆e i and the range of stresses are similar to 334 those measured on lime treated soils with 5% CaO. The only difference between the two materials lies in 335 the initial specific volume (around 1.6 for the lime treated specimens and 2.2 for the calcarenite). When 336 the calcarenite starts yielding, the structure is rapidly degraded due to the brittleness of the material. which leads to an increase of the deviatoric stress followed by convergence toward the critical state. This 345 mechanism also explains why samples experiencing softening do not have a dilatant behaviour at yield as 346 predicted by the critical state theory. The dilation process is the direct result of the interlocking of the 347 particles; in the case of the calcarenite, the fast degradation of the structure leads to the collapsing of the 348 particles and therefore to the contraction of the sample. Although the deviatoric stress decreases at yield, 349 since there is no interlocking of the particles, there is no dilation of the sample.
350
For the lime treated specimens of this study, the initial conditions were chosen to match those used 351 on-site and obtained from the Proctor compaction test (Robin et al., 2014a) . In these conditions, the void 352 ratio is too low to generate a noticeable collapse in the material, and the destructuration is a slower process.
353
The degradation of the structure takes place but particles are already in contact, which maintains a friction 354 between them and leads to increase in the deviatoric stress with the axial deformation. Therefore, the In light of these observations, it appears that the initial void ratio has a higher impact on the behaviour 359 of the material than the degree and the origin of cementation. As matter of fact, the mode of degradation of 360 a large number of structured materials seems to be closely related to the initial void ratio (Table 4) . Further 361 work must be carried out to identify the parameters responsible for the different behaviours. Nevertheless, 362 the MLTS appears to reproduce the main features of behaviour of lime treated soils, and is also successful 363 in modelling the main trends that are observed in naturally structured soils. 
364
377
The model was applied for lime treated soils and naturally structured samples of calcarenite. The 378 formulation is in good agreement with the experimental results and the main trends are properly reproduced.
379
The formulation proposed as softening rule is successful to model the dilation observed on lime treated 380 samples at yield and the maximum rate of dilation after the peak, one of the most representative features 381 of structured soils. However, the results on the calcarenite have risen interesting considerations for the 382 modelling of the structured materials in general, naturally or artificially.
383
The initial porosity appeared to be the key parameter controlling the influence of the mode of structure 384 degradation on the mechanical behaviour of lime treated specimens and the calcarenite. Once the material 385 starts yielding the degradation of the bonding structure takes place, and therefore the release of the particles.
386
Depending on the initial void ratio, the material can either experience dilation (particles are in contact and 387 expand due to the interlocking) or collapse until particles start interacting again. This can lead to reduction 388 of volume even for heavily over consolidated samples.
389
Further work must be carried out to develop a model capable of accounting for the influence of the initial 390 void ratio on the post-yield behaviour. 
